We demonstrate a 60µm core diameter single-trench Yb free Er-La-Al doped fiber having 0.038 ultra-low-NA, using conventional MCVD process in conjunction with solution doping process. Numerical simulations ensure an effective single mode, the effective area varies from 1,820µm 2 to 1,960µm 2 for different thicknesses of trenches and resonant rings. This fiber has been fabricated with conventional fabrication process, which can dramatically reduce the fabrication cost, hence suitable for mass production. Moreover, all solid structure ensures easy cleaving and splicing. Experimental measurements demonstrate a robust effective single mode operation. Furthermore, this fiber in 4%-4% laser cavity shows a record efficiency of 46% with respect to absorbed power.
INTRODUCTION
Erbium-doped fiber lasers emitting around ~1550 nm are important tools for several applications such as free-space communications, light detection and ranging (LIDAR), and remote sensing etc. thanks to eye-safe nature of these wavelengths. However, Er-doped fiber laser does not enjoy the success as that of Yb-doped fiber lasers due to poor absorption cross-section of Er 3+ at 980 nm [1] . In order to address this issue, researchers have used Yb codoping in phosphosilicate host [1] . Although output power up to 100s of watt has been achieved, however the output suffers from significant parasitic lasing around ~1060nm [1] . Presence of 1µm radiation prohibits the use of these lasers for eye-safe wavelength applications. Moreover, addition of ytterbium and phosphorous increases the refractive index of core and prevents the achievement of large mode area (LMA) design required to address non-linear effects. One solution of these problems is to use Yb free Er-doped fiber with resonant pumping near ~1480nm, which can be useful to generate very high peak power pulses [2] . However, pumping at ~1480nm leads to an overall poor electrical to optical efficiency. Recently, Yb-free Er doped fibers have been proposed to scale the output power by reduced core to clad diameter and a 42% slope efficiency with respect to absorbed pump power at 975nm has been achieved [3] . However, core diameter remains lower than 40µm, which can restrict peak power scaling in the pulsed regime. In this paper, we present a 60µm core diameter ultra-low NA Yb free Er-La-Al doped single-trench fiber fabricated by conventional MCVD and solution doping process. Numerical simulations suggest an effective area larger than 1,820µm 2 at 25cm bend radius is possible while maintaining single mode operation. Further experiments ensure an effective single mode operation and high slope efficiency of ~46% with respect to absorbed pump power at 975nm. Furthermore, due to its large effective area, this fiber can be used in the pulsed regime for peak power scaling. Fig. 1(a) presents the schematic of single trench fiber [4] . Here, a core is surrounded by a low and a high-index ring. The low index ring has same refractive index as of cladding and high index ring has same refractive index as of core. That is why, the design is known as single-trench fiber. STF can offer high loss to the HOMs thanks to the resonant coupling between modes of core and resonant ring, while keeping the loss of the fundamental mode to low. Numerical investigations were carried out using finite element method (FEM) based commercially available software "COMSOl". An additional circular perfectly matched layer (PML) surrounding the cladding was used to calculate loss of modes. All the calculations presented in this paper are at 1.55µm wavelength. Bending losses of the STF have been analyzed using standard conformal mapping with additional stress perturbations by following the standard equation:
NUMERICAL SIMULATIONS AND FABRICATION
where n(r) is the index profile of the unbent fiber, R is the bend radius, φ is the azimuthal angle, and ρ (here fixed to 1.25) has been included to take account of the stress factor. Fig. 2 (a-b) shows the numerically computed loss and power fraction in core respectively for fundamental mode (FM) and least lossy higher order mode (HOM) for different resonant rings and trench thicknesses for 60µm core diameter, Δn=0.0005, and bend radius=25cm at 1550nm. The effective area varies from 1,820µm 2 to 1,960µm 2 for different thickness shown here (taking bend-induced distortions into account) as shown in Fig 2 (c) . Other HOMs have loss higher than 70dB/m and a poor power fraction in the core. A preform was fabricated using modified chemical vapour deposition (MCVD) process in conjunction with solution doping process. A flat refractive index profile was obtained as shown in Fig. 3 with a numerical aperture of 0.038 (corresponding to 0.005 core refractive index with respect to cladding). Our optimized MCVD process in conjunction with solution doping technique is capable of controlling core refractive index on 10 -4 scale. Preform was etched down to 4mm to increase the core to clad diameter ratio and further milled to D-shape in order to promote mode mixing of pump radiation and finally drawn into 60μm core diameter fiber. Fig. 4 shows the experimental set-up used for verification of output mode behavior of fiber. A 2m long fiber was used for the detail characterization. We stripped a small section of the low index coating from both ends and applied index matching oil in order to strip the cladding modes. Fig. 5(a) shows the CCD image of the output beam when LP 01 mode was launched. Wavelength scanning from 1500nm to 1620nm shows that non-Gaussian output changes to Gaussian output with increasing wavelengths. Fig. 5(a) does not show the profiles below 1550nm, due to high absorption resulting in no output. Fig. 5(b) shows profile of the two input beams while Fig. 5(c) shows the corresponding output profiles. As there is little output for LP 11 input compared to LP 01 input, this custom made fiber provides a relatively high discrimination for LP 11 modes. Furthermore, we also tried offset launching of LP 01 but output remained Gaussian only. These measurements demonstrate robust effective single mode operation of the fabricated fiber. 
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VERIFICATION OF SINGLE MODE BEHAVIOUR
LASER EFFICIENCY
In order to verify the performance of the single trench fiber, we tested the fiber in a 4%-4% laser cavity. We used a 10m long fiber coiled at ~50cm bend diameter. The cladding absorption of fiber at 975nm and 980nm are 0.74dB/m and 1.14dB/m respectively. Fig. 6(a) shows the measured slope efficiency with respect to absorbed pump power at 975nm. The slope efficiency is 46.3%, which to the best of our knowledge, is the highest efficiency ever reported for a Yb-free Er-doped fiber laser pumped at 975nm. Fig. 6(b) shows the output spectrum of the free running laser. We could obtain ~12W of average output power at ~28W of absorbed pump power, while the pump throughput was ~58W. Due to relatively high pump throughput, further power scaling was compromised due to the limited pump power. However, we believe that using a pump module operating at the absorption peak of 979nm can lead to higher output power and perhaps higher slope efficiency. Further, optimizing the composition of Er, Al, and La and decreasing the core and clad ratio might open the doors of higher slope efficiency and therefore higher average output power. Fig. 6 (a) Slope efficiency of a 10m long STF with respect to absorbed pump at 975nm in a 4%-4% lase cavity (b) spectrum of the free running laser at the highest output power.
CONCLUSION
In conclusion, we have demonstrated a Yb free Er-La-Al doped 60µm core diameter STF having an ultra-low NA, which ensures an effective single mode operation at 1550nm. Further experiments confirm an effective single mode operation along with high slope efficiency of ~46% in a 4%-4% laser cavity. To the best of our knowledge, this is the simplest large mode area fiber ever reported at 1550nm with such a high efficiency.
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